Corn gluten meal (CGM), a byproduct of corn (Zea mays L.) wet-milling, has been shown to be an effective natural preemergence herbicide and fertilizer for various plant production systems. Alaninyl-alanine (Ala-Ala), along with four other dipeptides were isolated from CGM and identified as being the inhibitory compounds. The herbicidal effects of these natural compounds are seen as growth-regulating, root inhibitors that have minimal effect on shoot growth at low concentrations. However, little is known about the precise inhibitory action of CGM or Ala-Ala. The objective of this research was to elucidate morphological and anatomical differences in perennial ryegrass (Lolium perenne
Introduction
Corn gluten meal, a byproduct of corn wet-milling, has been shown to be an effective natural preemergence herbicide and fertilizer for various plant production systems (Christians, 1993) . The CGM is the protein fraction of com and contains approximately 10% nitrogen by weight. Plots treated with CGM as a natural organic fertilizer exhibited quality better than, or equal to, other commercially available fertilizers (Agnew and Christians, 1993) . The herbicidal efficacy of CGM was tested on 22 weed species, 10 dicotyledonous and 12 monocotyledonous species, with all species exhibiting some susceptibility (Bingaman and Christians, 1995) . Additionally, CGM was evaluated as a weed control product in strawberry (Fragaria X ananassa) production systems with results indicating that weed control in this crop is possible (Nonnecke and Christians, 1993) .
Subsequent work resulted in a water-soluble (hydrolyzed) component of CGM as well as the isolation and identification of the root inhibiting compounds from the hydrolyzed corn gluten (Liu et ai., 1994; . These inhibitory compounds were identified as the dipeptides: glutaminyl-glutamine, alaninyl-asparagine, alaninyl-glutamine, glycinyl-alanine, and alaninyl-alanine. The herbicidal effects of CGM, both water-insoluble and water-soluble, and the inhibitory dipeptides are seen as growthregulating, root inhibitors that have minimal effect on shoot growth at low concentrations (Christians, 1993; Liu et ai., 1994; .
Relatively little is known about the precise inhibitory action of CGM or the rootinhibiting dipeptides. For many years, however, the inhibitory effects of corn stover on both shoot and root elongation of germinating plants have been recognized (Bonner, 1950; Nielsen et ai., 1960) . In 1976, Chou and Patrick reported that lettuce (Latuca sativa L.
cv. Great Lakes) seedlings germinated in aqueous extracts of decomposing com residues developed abnormal radicles which lacked root hairs and had necrotic root tips. Their findings are similar to earlier work by Patrick and Koch (1958) and Patrick (1971) . Work by Muller (1971) suggested that the radicle damage was localized to the meristematic tissue, resulting in suppressed root elongation. These results coincide with those reported by Christians (1993) and dealing with the herbicidal effects of CGM. The herbicidal properties of the aforementioned dipeptides had not previously been reported in the literature.
In the research reported here, a series of experiments are presented that were designed to elucidate morphological and anatomical differences in perennial ryegrass seedlings treated with the biologically active dipeptide, Ala-Ala.
Materials and Methods
Perennial ryegrass seeds were germinated in 100 X 15 mm round plastic petri Treated and untreated seedlings were macroscopically examined with an Olympus SZH zoom stereo microscope (Olympus Optical Co., Ltd., Tokyo, Japan) and photographed with Kodak Ektachrome 160T film (Kodak Co., Rochester, NY). Root lengths of five seedlings grown at each treatment concentration were measured to the nearest millimeter after 3, 4, 5, 6, and 7 d of exposure to Ala-Ala. There were three 2Mention of product and equipment names is for identification purposes only and does not imply a warranty or endorsement to the exclusion of other products that may be similar.
replicates with three dishes for each treatment.
Root tips for microscopic analysis were fixed with 2%:2% paraformaldehyde: glutaraldehyde in 0.1 M Na+ cacodylate buffer, pH 7.2, at 4°C for 20 h. Tissue was dehydrated in a graded ethanol series, then passed through three changes of acetone, and embedded in Spurr's "hard" resin (Electron Microscopy Sciences, Fort Washington, PA).
Median longitudinal sections, 1 ,urn and 80 nm thick, were cut on a Reichert Ultracut S Microtome (Reichert Division, Leica, Austria), for light microscopy (LM) and transmission electron microscopy (TEM), respectively. The LM sections were mounted on glass slides and stained with 1% toluidine blue in 1% Na+ borate for 8 s, and then were observed with a Leitz Orthoplan microscope (Leica Canada, Midland, ON), with images recorded on Kodak Technical Pan film (Kodak Co., Rochester, NY). TEM sections were placed on 200-mesh copper grids, stained with uranyl acetate (Watson, 1958) and lead citrate (Reynolds, 1963) (Moravek Biochemicals, Brea, CA). The dishes were covered with lids, sealed with Parafilm@, and placed in a controlled environment chamber with conditions being the same as those for previous experiments. After 6 d, root tips were rinsed with 0.1 M Na+ cacodylate buffer, pH 7.2, to remove any exogenous isotope and fixed with 2%:2% paraformaldehyde: glutaraldehyde in the same buffer at 4°C for 20 h. Tissue was dehydrated and embedded as previously described. All solutions were retained and subjected to liquid scintillation counting to detect any loss of the isotope caused by the fixation/dehydration chemicals.
Median longitudinal serial sections of the roots, 1 ,urn thick, were cut on a Reichert
Ultracut S Microtome, mounted on glass slides and coated with Kodak NTB-2 liquid emulsion (International Biotech, New Haven, Conn.) in the dark. The slides were dried, then packed in light-tight boxes containing a desiccant, and stored in a refrigerator for 6 d.
At the end of the exposure period, slides were developed in Kodak Dektol (1: 1 with D.D.
H 2 0) developer (Kodak Co., Rochester, NY) for two min, rinsed in water, fixed in Kodak fixer for four min., and washed in running water. Slides were then dehydrated in a graded ethanol series to xylene, Permount was added, followed by a cover slip, and observed and photographed with a Leitz Orthoplan microscope. Images were recorded on Kodak Technical Pan film.
Results and Discussion
Comparison between treated and untreated roots showed that treated roots were severely inhibited and necrotic (Fig. 1B) , compared to the untreated roots (Fig. 1A) . Root length was reduced by at least 42% with all treatment concentrations when compared to the untreated control (Table 1) . As the duration of exposure increased, the difference between treatments and the control became greater, because the untreated roots continued to grow, whereas growth in the treated roots subsided. Differences in root lengths at the varying concentrations of Ala-Ala were noted at all measurement times except for Day 3.
Other than this exception, the 0.5 and 1.0 mg treatments were not different from each other, as was also the case between the 1.5 and 2.0 mg treatment concentrations.
Differences between the lower two and upper two treatment concentrations at 5, 6, and 7
d of exposure consistently resulted in an average of 13 to 14% greater reduction in root length with the higher doses. Higher treatment concentrations at Day 4 resulted in an average of 260/0 greater reduction in root length.
Elmore and Bayer (1992) described the root apical meristem in perennial ryegrass as having three groups of initials: one giving rise to the root cap; one producing the cells of the epidermis and cortex; and the third, innermost set, forming the vascular cylinder.
The observations of Ala-Ala treated perennial ryegrass roots will be presented and discussed in this order.
Root-cap cells in Ala-Ala treated seedlings exhibited disruption similar to the rest of the root (Figs. 1D and E) . Cells appeared to be void of cellular components, specifically discernible nuclei, mitotic structures, and amyloplasts. This differed from the untreated control seedling root-cap (Fig. 1C ) which was composed of parenchyma cells that had small, uniform nuclei, visible mitotic structures (arrows), and amyloplasts. The absence of amyloplasts was similar to the effects of nitralin (4-methylsulphonyl-2,6-dinitro-N,N-dipropy-Ianiline) and butralin [4-(1, I-dimethylethyl)-N-(I-methylpropyl)-2,6-dinitrobenzenamine] treated perennial ryegrass seedlings that were observed by Elmore and Bayer (1992) . Esau (1965) mentioned that the starch grains in the amyloplasts are rather persistent, in that they are not readily utilized except under conditions of extreme starvation. The lack of amyloplasts in the Ala-Ala treated roots was possibly a result of starch utilization in response to starvation caused by a disruption in cellular processes, or, they were not produced because of the Ala-Ala induced cellular disruption.
As previously stated, the second group of initials produce the cells of the epidermis and cortex. For discussion purposes, these cell layers have been identified with the numerals 1, 2, and 3 (Fig. lC) . The outermost layer, the epidermis, consisted of large, closely aligned, laterally elongated cells with thin walls. Directly beneath the epidermis were layers of small, less rectangular cortical cells with dense cytoplasm and large nuclei.
Light micrographs of the whole root tip (Figs. 1C -E) show the effects of Ala-Ala on root tips. Cellular necrosis was evident in both 1.0 mg and 2.0 mg Ala-Ala treated roots. This necrosis, however, was much more severe with the 2.0 mg treatment.
Abnormal cell sizes and shapes were noted at both treatment concentrations when compared to the untreated control. Additionally, cells in the 1.0 mg Ala-Ala treated roots possessed only interphase nuclei, whereas no nuclei were observed in roots treated with the higher concentration.
Electron micrographs ( Figs. 2A and B ) from the second layer of cells, approximately 250 !lm from the root tip, showed that differences between the untreated control and 1.0 mg Ala-Ala treatment were minimal. Cell size and shape of treated and untreated roots were comparable and possessed no gross abnormalities. Roots treated with 2.0 mg Ala-Ala, however, possessed cells with extreme cell wall abnormalities including uneven thickening and breakage, along with a wide variation in cell size and shape (Fig.   2C ). Although some nuclei were visible, these cells were mostly vacuolate with contents that appeared to be remnants of cellular organelles.
The vascular cylinder, formed from the innermost set of initials, was not evident within 300 !lm of the root initials in the untreated control. In the 1.0 mg treated roots, vascular elements were abundant and could be seen within 130 !lffi from the root tip. In the 2.0 mg treated roots, vascular tissue was minimal, and only observed after 438 !lffi from the root tip. The 1.0 mg Ala-Ala treatment produced similar effects as nitralin and butralin in that the developmental stages, specifically xylem development, appeared closer to the apex (Elmore and Bayer, 1992) . Ashton and Crafts (1981) and Hess (1983) stated that increased differentiation is a characteristic of roots in which mitosis has been affected by herbicide treatment.
Liquid scintillation counting detected appreciable isotope activity only in the prefixation buffer wash solutions, indicating that the fixation/dehydration solutions did not dislodge the (3H+]-Ala-Ala. The autoradiograph of the 0.5 mg eH+]-Ala-Ala treated root showed uniform diffuse labelling throughout the entire root tip (Fig. 3A) , and the radioactivity did not appear to be associated with any specific tissue type. Localization of --34 radioactivity in the 1.0 mg treated roots was less uniform than the 0.5 mg treatment (Fig.   3B ), with intense localization along one edge. Fig. 3C shows profuse localization along one side of the 1.5 mg treated root. In the 2.0 mg treatment, a considerable amount of radioactivity was present in the epidermal cells extending back 205 11m from the tip of the root cap (Fig. 3D ). This region revealed very little localization interior to the epidermis.
There was, however, increased localization throughout the epidermis, cortex, and vascular
.region beyond this area of intense localization. Although some variability was observed, these autoradiographs indicate that at the high treatment concentrations, the epidermal cells were adversely affected, thus decreasing the inward movement of the dipeptide. This effect possibly could be a result of abnormal cell wall thickening common to the epidermal cells in the treated roots, or disrupted cellular transport mechanisms. At the lower treatment concentrations, root tip necrosis was not as evident, and movement of the dipeptide did not seem to be impeded.
The herbicidal effects of the dipeptide, Ala-Ala, on treated perennial ryegrass roots were numerous. Of the observed abnormalities, it seemed that Ala-Ala, like most herbicides, responds differently to different concentrations. Higher concentration levels seemed to cause more of an epidermal necrosis, whereas lower concentrations produced more subtle effects to the cellular processes. Further research will need to be carried out to identify the specific mode of action of this biologically active dipeptide. 
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